Introduction
============

Quantum dots (QDs) are one of semiconductor nanoparticles ranging from 2 to 20 nm in dimension, which are widely used in many fields, including molecular biology, cytobiology, biochemistry, and pharmacology, based on their characteristics of wide spectral range, high quantum yield, light stability, sensitivity and specificity [@B1]-[@B3]. Two strategies are used in synthesizing QDs: aqueous synthesis (aqQDs) and organic synthesis (orQDs). Compared with orQDs, aqQDs do not have large amounts of hydrophilic ligands to cover their surfaces and they are naturally water-dispersed. Moreover, aqQDs possess a much smaller hydrodynamic diameter than orQDs. Specifically, aqQDs are effective reagents because of good biocompatibility, which are compatible with biological system [@B4].

Cadmium telluride (CdTe) aqQDs are thought one of the most successful aqQDs, which have widespread use in fluorescence probes, drug targets and animal vivo imaging technology [@B5]-[@B7]. However, as is known to induce toxicity in organisms, cadmium (Cd) is the most abundant component of CdTe aqQDs. Therefore, numerous studies investigating the toxicity of CdTe aqQDs have been developed. Several published reports indicate that CdTe aqQDs could induce a reduction in the viability and motility of sperm in male mice [@B8]; exert genetic toxicity, such as gene mutation, chromosomal fragmentation and alteration on Hydra vulgaris [@B9]; mediate cell death through cell wall breakage and cytoplasm blebbing to exhibit marked cytotoxicity [@B10]; and cause an enlargement of mitochondria, a destruction of mitochondrial membrane potential, increasing intracellular calcium levels in HepG2 cells, etc. [@B11]. The toxicity of QDs may have multiple mechanisms, including the release of free metal ions at the core and the production of reactive oxygen species (ROS)-mediated oxidative stress [@B12]-[@B15].

ROS are a class of compounds, which have short half-lives and high reactivities based on their tendency to receive and give electrons to keep stability. They can be produced by the oxidation of a series of metabolic processes in cells, such as NAD (P) H oxidase system, xanthine oxidase system, arachidonic acid metabolism, monoamine oxidase system, mitochondrial respiratory chain and neutrophil respiratory burst of neutrophils and phagocytes, and the metabolism of extraneous substances by cytochrome P450 (CYP450) enzymes. Membrane lipids, proteins and DNA are the most vulnerable biological targets for ROS. Nevertheless, the overproduction of ROS can cause oxidative stress, even lead to irreversible damage in organelles, cells and tissues, although they play critical roles in metabolism. To maintain a production and consumption balance with ROS, the organisms could activate endogenous antioxidant systems, which contain superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione (GSH), uric acid and ubiquinone, by ingestion of exogenous antioxidants and input from cofactors, with avoiding an excess of ROS [@B16]-[@B19].

The production of ROS was typically deduced on the basis of changes in antioxidant systems including lipid peroxidation levels and antioxidant enzyme activities, in which nanoparticles mediated oxidative stress in previous studies. Our previous study demonstrated that CdTe aqQDs appeared to be mainly deposited in kidney and liver tissues via tail intravenous administration in mice, CdTe aqQDs induced histopathological damages of the kidney and liver by elevating Cd^2+^, hydroxyl radicals (·OH), hepatocyte mitochondrial swelling, vacuole and crest reduction with time-dependent [@B20]. In order to understand the toxicity mechanism of CdTe aqQDs, we used the electron paramagnetic resonance (EPR) spin-trapping technique, which investigated the antioxidant capacities in the kidneys and livers of mice, and examined the activities of oxidative stress markers, which were SOD, CAT, GPx, GSH and MDA. Our research proved that CdTe aqQDs could deplete GSH to reduce the tissue total antioxidant capacity with the activities of SOD, CAT, GPx increasing [@B21]. However, in contrast with the sufficient studies regarding to antioxidant system induced by QDs, only a few oxidization system reports of QDs have been published.

Toxicogenomics, including gene microarrays and bioinformatics, has demonstrated its application for assessing toxicity and the mechanism of exogenous substances [@B22]-[@B24]. In the present study, kidneys of male ICR mice exposed to CdTe aqQDs were collected to screen the differentially expressed genes and signaling pathways using gene microarrays. Furthermore, the key genes were verified by real-time quantitative polymerase chain reaction (real-time qPCR) to explore the toxicity mechanism of oxidative damage treated with QDs at the molecular level.

Materials and methods
=====================

Characteristics of CdTe aqQDs
-----------------------------

Thioglycolic acid-stabilized CdTe QDs were prepared by Nanjing University. Prior to use in our experiments, the CdTe QDs stock solutions were centrifuged at 500× g for 25 min at 20 ℃ prior to use. We dialyzed 3 h against 0.1% thioglycolate (sodium salt; Sigma-Aldrich, MO, USA) with above supernatants using a 10 kDa cellulose membrane (Sigma-Aldrich, MO, USA), and then continued to dialyze 2 h against distilled water at pH 8.3, what removed free Te, Cd and unbound thioglycolate [@B20]. We used inductively coupled plasma mass spectrometry (ICP-MS, 7500ce; Agilent Technologies, CA, USA) to quantitatively measure concentrations of Cd in CdTe aqQDs. We used atomic force microscope (AFM, Nano Scope 3D; Veeco, NY, USA) to analyse the CdTe aqQDs for surface characteristics and size distribution. What is more, we used fluorescence spectrometer (RF-5301; Shimadzu, Kyoto, Japan) to measure the CdTe aqQDs, which included peak wavelengths, fluorescence intensities and fluorescence spectra. The zeta-potential and hydrodynamic sizes of CdTe aqQDs were measured with a malvern instruments zetasizer (Nano-ZS90; Malvern Panalytical, Malvern, UK). The CdTe aqQD solutions were freshly dissolved in physiological saline with PBS (pH 7.4) and then sonicated within 10 min prior to injection into mice.

Animals
-------

Male ICR mice, which were 6-8 weeks of age, provided from Beijing (Vital River Laboratory Animal Technology Co., Ltd., Beijing, China). All procedures and experimentations were approved by the Ethics Committee of Capital Medical University (ethical review number: AEEI-2016-184). These mice were raised in a standardized animal house at China Capital Medical University with a 12-hour day/dark revolution, in which operation was ventilated, sterile and temperature-controlled. Regular observation was conducted for each mouse containing fur, urine, mental status, behaviour, food intake and faces.

After 7 days of acclimatization, mice were administered the CdTe aqQD solutions by tail intravenous injection of 2 µmol/kg (based on the molar mass of Cd) between 33.1 and 35.8 g in weight, the control was injected physiological saline with an equivalent volume. Five mice from each exposed group were anaesthetized with isoflurane at the predetermined time points (1, 7 days), which were killed using cervical dislocation, their kidneys (1 day) were collected for gene microarray analysis, and the kidney and liver tissues (1, 7 days) were analysed with real-time qPCR. Sets of control mice were also killed at the predetermined times (1, 7 days) in strict accordance with the programs used for treated mice.

Gene microarray analysis
------------------------

The tissue was cut into small pieces in vitro and quickly frozen in liquid nitrogen. The tissue sample was taken out of liquid nitrogen and the tissue block was placed in a pre-cooled mortar and ground. After the tissue sample was ground into a powder, 2-3 mL of TRIzol reagent (Invitrogen, Carlsbad, Canada) was added to each mortar and grinding was continued. The TRIzol reagent returned to the liquid state was transferred to a glass homogenizer. Homogenization was continued for 3-5 minutes. The TRIzol reagent was then transferred to a 1.5 mL centrifuge tube and the total RNA was subsequently extracted according to the Trizol reagent standard procedure. We used TRIzol reagent to extract the total RNA including lncRNA and mRNA, which were purified with a mirVana miRNA Isolation Kit (Ambion, TX, USA) following the instructions of manufacturer, from the kidneys (100 mg tissue) in mice. The quality and quantity of the RNA samples were measured from OD260/280 data with spectrophotometer (NanoDrop 2000; Thermo, MA, USA).

We used the GeneSpring software V13.0 (Agilent Technologies, CA, USA) to analyse the array data of lncRNA and mRNA about data normalization, quality control and summarization. Moreover, we utilized threshold values of ≥2 or ≤-2-fold change and p value of 0.05 in T-test as the standard for differentially expressed genes. The data were log2 transformed, median centered by genes using the Adjust Data function of CLUSTER 3.0 software and then further analysed with hierarchical clustering with average linkage [@B25].

Bioinformatics analysis
-----------------------

Gene ontology (GO) is a project that describes the function of genes and gene products in a unified definition. GO developed the standard language (ontologies) with tertiary structure. The biological process, cellular component and molecular functions were analysed simultaneously in enriched GO terms.

On the basis of Reactome database, pathway analysis, in which Fisher\'s exact and EASE-score tests were used, was applied to pick out the significant pathways by differentially expressed genes [@B26]. The threshold of significant pathways were analysed with FDR \< 0.05.

Real-time qPCR analysis
-----------------------

Using a PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio Inc., Shiga, Japan), the cDNA was synthesized from 1.0 μg of total RNA. The mRNA levels of CYP450-related genes were determined by real-time qPCR (Mastercycler; Eppendorf, Hamburg, Germany) according to the protocols of manufacturer. Primers (the sequences of the forward and reverse primers used in this experiment are summarized in Table [1](#T1){ref-type="table"}) for the CYP450 enzymes and reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed by the Sangon Company. The comparative CT method was used for quantification, with GAPDH as a housekeeping gene, and the relative abundances were normalized to the control.

Statistical analysis
--------------------

Statistics analysis were performed by One-way analysis of variance (ANOVA) using SPSS 19.0 software, followed by the least significant difference (LSD) test. Data were expressed as the mean±SD, and FDR \< 0.05 was set for significance level.

Results
=======

Characteristics of CdTe aqQDs
-----------------------------

ICP-MS indicated that the concentration of the CdTe aqQDs was 5 µmol/mL (based on the molar mass of Cd). AFM, which showed that the diameter of the CdTe aqQDs was approximately 3-4 nm, was used to evaluation in size. Fluorescence spectrum suggested that according to excitation at 490 nm, the maximum emission occurred at 620 nm (Fig. [1](#F1){ref-type="fig"}). This part is the preliminary work of our research group [@B21]. The zeta-potential value of the CdTe aqQDs dispersed in water is (-42.6±4.8) mV. Hydrodynamic size was performed by dynamic light scattering (DLS), the sizes of the CdTe aqQDs were determined to be (132.4±24.8) nm.

Differential gene expression induced by CdTe aqQDs
--------------------------------------------------

To understand which sensitive RNAs induced by CdTe aqQDs are involved in the kidney, gene microarray analysis was performed in the CdTe aqQDs group and control group (three samples per group). We assessed the expression profiles of lncRNA and mRNA with an lncRNA and mRNA mice gene expression microarray. Compared to control group, a total of 459 lncRNAs were differentially expressed in the CdTe aqQDs-induced kidney group, in which 197 lncRNAs were down-regulated and 262 lncRNAs were up-regulated. Additionally, a total of 256 mRNAs were differentially expressed in the CdTe aqQDs-induced kidney group: 103 mRNAs were down-regulated, 153 mRNAs were up-regulated (Fig. [2](#F2){ref-type="fig"}).

GO analysis induced by CdTe aqQDs
---------------------------------

We performed GO enrichment analysis, which are arranged and displayed according to biological processes, molecular functions and cellular components (Fig. [3](#F3){ref-type="fig"}), to identify the gene expression changes associated with CdTe aqQDs treatment. The significantly enriched categories of our gene set were extracellular component, negative regulation of endothelial cell apoptotic process, extracellular matrix structural constituent, and regulation of membrane lipid distribution. Especially among these, we were interested to find that the response to redox state played a significant role in the biological processes involved in these altered genes. The biological process of redox regulation serves to protect the body from oxidative damage, maintaining a dynamic balance.

Pathway analysis induced by CdTe aqQDs
--------------------------------------

We determined the biological pathways related to the most differentially expressed RNAs in kidney using pathway analysis with the Reactome database. The method calculated the significance of gene enrichment in each pathway entry and further classified the signaling pathways involved in the genetic variations. The results, as shown in Fig. [4](#F4){ref-type="fig"}, indicated that CdTe aqQDs could cause change in mice with 65 signaling pathways involved in the sensitive-expressed RNAs. Among these, Defective CYP26C1 causes focal facial dermal dysplasia 4, Defective CYP1B1 causes glaucoma, Defective CYP17A1 causes adrenal hyperplasia 5, Defective CYP11A1 causes congenital adrenal insufficiency, with 46, XY sex reversal, mainly related to CYP450-related genes. Therefore, we found that CYP450-related signaling pathways were sensitive-induced by CdTe aqQDs.

Effects of CdTe aqQDs on mRNA expression related to CYP450 enzymes in kidney
----------------------------------------------------------------------------

To validate the microarray results, we selected the CYP450-related genes in some of the significantly enriched signaling pathways. The results in kidney, as shown in Fig. [5](#F5){ref-type="fig"}, demonstrated that compared with control group, the expression of CYP17A1 was significantly increased to 5.37-fold (P\<0.01) at 1 day. Moreover, compared with control group, the expression of CYP11A1 was significantly increased to 6.61-fold (P\<0.05), while the expression of CYP11B2 was significantly increased to 3.32-fold (P\<0.05). At 7 days, the gene expression levels of CYP17A1, CYP11A1 and CYP11B2 were decreased to the same level as that in control group. Compared with control group, no significant differences were found in expression of CYP19A1 and CYP1B1 (P\>0.05) at 1 and 7 days. In general, compared to control, the mRNA expression levels of CYP17A1, CYP11A1 and CYP11B2 were increased. However, the mRNA expression levels of CYP19A1 and CYP1B1 were unchanged.

Effects of CdTe aqQDs on mRNA expression related to CYP450 enzymes in liver
---------------------------------------------------------------------------

In liver, we examined the mRNA expressions of CYP19A1 and CYP1B1. The result, as shown in Fig. [6](#F6){ref-type="fig"}, showed that at 1 day, the expression of CYP19A1 was significantly increased 5.55-fold (P\<0.05); meanwhile, compared with control group, the expression of CYP1B1 was significantly increased to 6.9-fold (P\<0.01). At 7 days, the gene expression levels of CYP19A1 and CYP1B1 were decreased to the same level as that in control group.

Discussion
==========

With the wide application of QDs in the field of life science, their potential toxic effect has increasingly become one of the focuses of public health concern. Researches have showed that QDs distribute in multiple organs and are mainly accumulated in the liver and kidney, resulting in damage to those organs [@B27]-[@B29]. As a kind of advanced, large-scale and high-throughput detection technology, gene microarrays have been widely used in many fields, such as disease diagnosis and treatment, drug screening, and environmental testing [@B30]-[@B32]. To further study the molecular mechanism of damage induced by CdTe aqQDs, male ICR mice were selected as the experimental subjects; kidneys of mice were collected to screen the differentially expressed genes and signaling pathways using gene microarray. The results showed that the expression of 459 lncRNA genes changed after CdTe aqQDs exposure, including 197 down-regulated genes and 262 up-regulated genes; the expression of 256 mRNA genes changed, including 103 down-regulated genes and 153 up-regulated genes.

GO analysis is the classical method to organize differentially expressed genes into hierarchical categories based on gene function [@B33]. According to CdTe aqQDs-induced function enriched classification, the response to redox state played an important role in the biological processes involved in genes that were differentially altered. Subsequently, we performed pathway analysis in differentially expressed genes based on the Reactome database, and the results showed that CdTe aqQDs caused the changes of 65 signaling pathways in the kidney, among which the markedly enriched signaling pathways are mainly CYP450-related signaling pathways. CYP450 enzymes is widely distributed in animals, plants and microorganisms, as a kind of multifunctional enzyme, which mainly exists in liver microsome and is a large superfamily of genes composed of many enzymes. These enzymes participate in the phase I reaction of endogenous and exogenous compounds in liver degradation and play an important role in biotransformation in vivo [@B34]. CYP450 enzymes, a major protein binding to the mitochondrial membrane, is responsible for the transfer of electrons throughout the metabolic process and is an important site for the production of ROS [@B35],[@B36].

Studies both at home and abroad show that the toxicity mechanism mainly focuses on the release of free Cd^2+^ and the generation of ROS, which mediate the oxidative stress [@B3],[@B14],[@B15],[@B37]. In recent years, our group found that CdTe aqQDs could degrade and release Cd^2+^ after they entered mice [@B20]. Studies in the literature showed that Cd^2+^ increased the expression of CYP450 enzymes and intracellular ROS concentration triggered oxidative stress in the body and caused damages to the liver and kidney [@B38],[@B39]. Therefore, the damage by CdTe aqQDs may be caused by the degradation of Cd^2+^ after CdTe aqQDs entered the body, resulting in the accumulation of ROS. According to the above, combined with the results of the gene microarray, this study suggests that the CdTe aqQDs-induced injury in the liver and kidney may be caused by Cd^2+^ degraded from CdTe aqQDs, the high expression of CYP450 enzymes activity, and then the triggering of a large number of ROS, which may be an important mechanism mediating oxidative stress and tissue injury.

To further verify the above results, we selected the CYP450-related genes in some of the significantly enriched signaling pathways and detected the expression of these key genes in the liver and kidney using real-time qPCR. The results showed that the expression levels of CYP17A1, CYP11A1 and CYP11B2 in the kidney were significantly increased; expression levels of CYP19A1 and CYP1B1 in the liver were significantly increased, but compared with control group, there was no significant difference in the kidney. Studies in the literature studies showed that these differentially expressed genes are key genes for metabolism of steroid hormones. CYP11A1 is the first rate-limiting enzyme in the biosynthetic pathway of steroid hormone, which converts cholesterol into pregnenolone and is a precursor of progesterone biosynthesis [@B40]. CYP17A1 converts progesterone to androstenedione, which is a direct precursor of testosterone biosynthesis [@B40]. CYP19A1 converts testosterone to oestradiol and hydroxylation of oestradiol by CYP1B1 to produce 4-OH-oestradiol and 2-OH-oestradiol [@B41]. CYP1B1 can further convert 4-OH-oestradiol and 2-OH-oestradiol into quinone and semiquinone, which can produce ROS through redox cycle, resulting in oxidative damage [@B42]. Additionally, the research of Fedotcheva T on steroid hormones also revealed that steroid hormones regulated the production of ROS [@B43]. Therefore, it is speculated that CdTe aqQDs may cause the accumulation of steroid hormones through up-regulation of the genes involved in steroid synthesis and produce a large amount of ROS, which causes the damages to the liver and kidney in the body.

Conclusions
===========

In summary, the results of this study showed that CdTe aqQDs induced differential expressions of mRNA and lncRNA in the liver and kidney of mice. CYP450-related signaling pathways are key pathways leading to the damages of liver and kidney tissues. The high expression of CYP450 enzymes and the accumulation of steroid hormones led to the generation of a large number of ROS, which was an important mechanism of CdTe aqQDs-mediated oxidative stress and tissue damage. Meanwhile, our research also provided the experimental evidence for further elucidating the toxic effects and molecular mechanisms of CdTe aqQDs on biological metabolic systems in the future.
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![Characteristics of the CdTe aqQDs. Notes: (A) AFM image; (B) absorption and emission spectra. The diameter of the CdTe aqQDs was 3-4 nm. The excitation occurred at 490 nm, the maximum emission occurred at 620 nm [@B20], [@B21].](ntnov02p0271g001){#F1}

![RNA expression profiles between CdTe aqQDs-induced group and normal group in kidney tissues. Notes: Hierarchical clustering of (A) lncRNAs; (B) mRNAs with expression ratios (log2 scale), "green" represents a low relative expression and "Red" represents a high relative expression.](ntnov02p0271g002){#F2}

![Enriched GO terms according to biological processes, molecular functions and cellular components. Notes: "blue" represents biological process; "yellow" represents cellular component; "red" represents molecular function. Differentially expressed transcripts were included with P\<0.05 and fold-change\>2.](ntnov02p0271g003){#F3}

![Signaling pathways of differentially expressed RNAs. Notes: The horizontal axis represents the -log 10 (p value) of these significant pathways and the vertical axis represents the pathway category. The two-sided Fisher\'s exact test with P\<0.05 was significant in classification.](ntnov02p0271g004){#F4}

![Effects of CdTe aqQDs on the mRNA expressions of CYP1B1, CYP19A1, CYP11A1, CYP11B2 and CYP17A1 in the kidney at 1 and 7th day. Notes: \*P\<0.05 vs. control; \*\*P\<0.01 vs control.](ntnov02p0271g005){#F5}

![Effects of CdTe aqQDs on the mRNA expressions of CYP1B1 and CYP19A1 in the liver at 1 and 7th day. Notes: \*P\<0.05 vs. control; \*\*P\<0.01 vs control.](ntnov02p0271g006){#F6}

###### 

Primers used for Real-time qPCR.

  Isoenzymes   Forward                           Reverse
  ------------ --------------------------------- -------------------------------------
  GAPDH        CGTGTTCCTACCCCCAATG               ATGTCATCATACTTGGCAGGTT
  CYP1B1       CACCAGCCTTAGTGCAGACAG             GAGGACCACGGTTTCCGTTG
  CYP19A1      ATGTTCTTGGAAATGCTGAACCC           AGGACCTGGTATTGAAGACGAG
  CYP17A1      AGTTTGCCATCCCGAAGGA               CTGGCTGGTCCCATTCATTT
  CYP11A1      GGCCCAGCGGTTCATCAAT               TGCCTTAAGTCCCAGTAGA
  CYP11B2      GCCACCATGGCACTCAGGGCAAAGGCAGAGG   CTAGTTAATCGCTCTGAAAGTGAGGAGGGGGGACG
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